explanation of the gradients. According to Pianka (1989) , the problem of great tropical species diversity "is seriously complicated by multiple causality as well as very probably being ahead of its time". In this paper, I give a brief review of the hypotheses that attempt to explain latitudinal diversity gradients, with special reference to recent work. Emphasis is not on the various factors that bring about local differences in diversity and that may enhance latitudinal gradients secondarily, but on the primary cause(s) of the latitudinal gradients, if such causes do indeed exist. For this reason, papers and books dealing exclusively with local diversity, such as Tilman (1982, 1988) , Janzen (1987), Hubbell et al. (1990) , and Wilson (1990) and with ecological factors that may affect diversity but are not directly relevant to latitudinal gradients, such as Hubbell and Johnson (1977) , Wright and Hubbell (1983) , Hubbell and Foster (1986) , and Howe (1990) are not discussed. No attempt is made to distinguish a, 3 and y diversity (e.g. Brown and Gibson 1983) , and species numbers, diversity and richness are used interchangeably. This review restricts itself to giving only essential arguments against each hypothesis, i.e. such arguments that clearly show that a hypothesis cannot give a general explanation of latitudinal diversity gradients. 
PACIFIC

A common gradient is likely to have a common explanation
As stated by several authors, an almost universal pattern must have some common explanation (e.g. Pianka 1966 , Rohde 1978a ). Ricklefs (1973) has summarized this view as follows: "The general latitudinal pattern in species numbers must be related to some climatic factor, or combination of factors, that changes in a consistent manner with latitude. Several factors could serve as suitable candidates: average temperature, annual rainfall, and seasonality, to name a few, but ecologists have failed to find a convincing link between organic diversity and patterns in the physical environment." Table 2 . Circular 'explanations' of latitudinal gradients in species diversity. Only some key references are given (authors who proposed or discussed the hypotheses).
Competition (Dobzhansky 1950 , Pianka 1966 , Huston 1979 (Huston 1979 , Thiollay 1990 ). Population size (Boucot 1975 , Rohde 1978a (Strong 1977) . Host diversity (Rohde 1989) . Harshness (Thiery 1982 , Brown and Gibson 1983 , Begon et al. 1986 ).
Likewise, Brown and Gibson (1983) concluded that "ultimately, all general patterns of diversity must be attributed to physical causes, either historical perturbations or contemporary variation in the physical environment" and "hypotheses that invoke biotic interactions must always be at least secondary explanations of diversity patterns", and according to Pianka (1988) "Ultimately a thorough understanding of patterns in diversity requires knowledge of primary-level mechanisms". In looking for a common cause, care has to be taken not to confuse correlation with causation (Pianka 1966) , although strong correlation between diversity and some parameter may be strongly indicative of a possible cause. Table 2 lists "explanations" for the gradients given by some authors that are obviously circular, dependent on a greater diversity of at least some groups of organisms at low latitudes. For example, there is evidence that, under certain conditions, increased competition, mutualism, predation and biotic spatial heterogeneity are associated with increased species diversity. However, with regard to increased species richness in the tropics, the main problem is not to demonstrate such an association but to answer the question of the origin of the greater numbers of competitors, predators, or organisms (such as corals and algae on coral reefs) responsible for creating complex habitats for other species. As put by Begon et al. (1986) with regard to predation, "it cannot be the root cause, since predation is itself an attribute of the community". The same argument applies to parasites or microorganisms responsible for epidemics, and similarly, reduced population size and niche width cannot be the cause but must be the result of denser species packing. Furthermore, populations are not always smaller and niches not always narrower in the tropics, indicated for instance by the finding that at least in some groups, host ranges of parasites are not narrower in the tropics (Fig. 3 ) (see also Rohde 1978c , Beaver 1979 ) and microhabitat width is not greater in species poor communities (Rohde 1981) (for a fuller discussion of latitudinal gradients in niche width see Rohde 1989) . The dynamic equilibrium model of Huston (1979) predicts that "a major determinant of diversity in nonequilibrium (referring to competitive equilibrium) situations is the level of population growth rates of competitors. At low to intermediate frequencies of population reduction, low growth rates allow the maintenance of diversity by slowing the approach to competitive equilibrium and enhancing the effect of factors that tend to prevent competitive exclusion". Huston concluded that his model could explain at least part of the latitudinal gradient in species diversity, because in the tropics soil nutrients are reduced and rates of respiration increased, resulting in lower population growth rates in the tropics. Huston's prediction seems to be supported by the fact that, in tropical forests, much of the nutrients is indeed found in the plants, whereas a greater proportion of the nutrients is found in the soil of high latitude forests. However, as with the hypotheses discussed above, this difference is not due to some underlying physical factor but at least partly the result of the greater diversity of plants. Also, the model does not hold for aquatic environments.
Some explanations are circular
McCoy and Connor (1980) stressed the importance of "patchiness" in increasing regional species diversity at low latitudes. High patchiness may indeed occur in tropical rainforests, etc., but there is no universal gradient in patchiness (it is absent for example in the open ocean, although species numbers of open ocean fishes and of plankton decrease with latitude), and -where it is found -it is due to the diversity gradient and not its cause (see for instance the increased patchiness resulting from higher tree fall rates in tropical forests discussed in the following paragraph). Strong (1977) pointed out that vine and epiphyte loads of wet, lowland forest canopy increase dramatically in the tropics, and this may be an important cause of high tree fall rates in tropical forests, producing a perennial patchwork of disturbance and maintaining the forests as a perpetual preclimax mosaic. Diversity is increased by reducing the frequency of long-term competitive interactions between adjacent individuals. The effect would be similar to that caused by predation butas with the predation hypothesis -it depends at least partly on a greater diversity of epiphytes in the tropics. Furthermore, it cannot explain the latitudinal gradient for aquatic and non-forest terrestrial environments. Rohde (1989) demonstrated that diversity of the host group is largely responsible for species richness of copepods parasitizing scombrid fishes, a phenomenon that has been shown for several groups of parasites and is known as Eichler's rule (see Rohde 1982) . Since host diversity is generally greater at low latitudes, it may at least partly explain greater tropical parasite diversity. However, this gives no explanation for the host plant or animal diversity gradients.
Some authors have tried to explain lower diversity in certain habitats as due to greater "harshness" leading to low colonization and speciation rates and/or high extinction rates (see discussions in Thiery 1982 and Brown and Gibson 1983, references therein). However, the concept of "harshness" cannot be defined without circular reasoning. "Thinking of the tropics as benign and the polar region as harsh is only a habit of thought; it results from the fact that life is more abundant in the tropics..." (Pielou 1979 ) (see also Begon et al. 1986 ). Several of the factors listed in Table 3 could contribute to "harshness". Some explanations are not supported by sufficient evidence A special case of structural complexity at different latitudes leading to differences in species richness has been discussed by Terborgh (1985) , due to changes in the angle of incidence of light with latitude. As a consequence of different light regimes, tree crowns of high latitudes are narrowly conical in profile, whereas those in the tropics tend to be planar or shallowly domeshaped. In high latitude forests, therefore, light is admitted at sharply inclined angles which do not permit growth of a second tree layer. In the tropics, on the other hand, light penetrates the canopy at shallower angles, permitting growth of a second layer. It is clear that this is a very special case not applicable to most environments, particularly aquatic ones.
An effect of area has repeatedly been shown to be responsible for local differences in species diversity, particularly in island biogeography. Wright (1983) found that energy x area was the best predictor of analysis of North American vertebrates shows that greatest species richness of homeotherms occurs in high-energy, dry, mountainous areas. Most importantly, on a global scale, diversity gradients are also found in aquatic environments. Pielou (1979) gave an example of a presumed seasonal effect on species diversity, in predatory gastropods in the northern Atlantic (from the study by Taylor and Taylor). In the North Atlantic, at about 40?N, there is a switch from continuous to seasonal primary productivity, and at that boundary an abrupt change in the number of taxa occurs particularly in the eastern North Atlantic. The larger number south of the boundary is explained by an unvarying supply of many prey species which permit coexistence of many predatory species with highly specialized diets. In contrast, Currie (1991), in his detailed study of North American vertebrates, concluded that "one can reject the hypothesis that annual variability of climate per se has an important effect on richness", i.e. there is no consistent correlation between seasonality and species diversity.
Some parts of the tropics have a greater number of habitats (e.g. from warm to temperate to cold along an altitudinal gradient) than colder environments, as pointed out by Simpson (see Pianka 1966) , but this does not apply to many shallow seas, flatlands and other habitats. Therefore, it cannot be a general explanation of latitudinal gradients in species diversity.
Stevens (1989) compared latitudinal ranges of North American trees, marine molluscs with hard body parts, freshwater and coastal fishes, reptiles and amphibians, and mammals between 25 and 80?N and found that high latitude species had wider latitudinal ranges than low latitude species (Fig. 5) , a phenomenon he called Rapoport's rule after Rapoport, who had referred to the correlation while describing the degree of geographical overlap between subspecies (Rapoport 1982). He concluded that existence of the rule suggests narrower environmental tolerances of tropical than of temperate/polar organisms and went on to speculate that equal dispersal abilities of the two groups would place more tropical organisms out of their preferred habitats than higher-latitude species, and that a constant input of "accidentals" from adjacent habitats would artificially inflate species numbers and inhibit competitive exclusion. This would be a case of "mass effect", i.e. the establishment of species in sites where they cannot be Fig. 1 ). The rule could be simulated when it was assumed that species numbers decrease with increasing latitude, and that species at all latitudes have narrow ranges except for a few low latitude ones which reach into high latitudes, i.e. the rule may be an artefact at least for some taxa. Furthermore, input of "accidentals" from adjacent habitats, although increasing local diversity, would not inflate total diversity in the tropics, and "Thorson's rule" (according to which tropical benthic invertebrates tend to have pelagic dispersal larvae, whereas cold-water species have non-pelagic development) indicates that dispersal abilities are not equal but greater in tropical species (at least of benthic invertebrates) (Rohde 1989 ). Also, many large groups of animals, such as families of fish and hermatypic corals, are restricted to the tropics, and there is no evidence that there is a major "spill-over" of species from high to low latitudes. On the contrary, fossil evidence suggests that "adaptations which permit the occupation of major new niches and thus lead eventually to the development of higher taxa, take place in the tropics" (Stehli et (Brooks 1950 ) provides further evidence that a time hypothesis can explain some differences in local diversity, but it is doubtful that it can give a general explanation of the diversity gradients, because they are also found where glaciations or similar events had no effect. Furthermore, it is hard to imagine that most marine organisms did not shift latitudinally during a glaciation. This applies especially to marine plankton, but also to pelagic fishes, for which distinct latitudinal gradients in species diversity have been demonstrated. It is well known that marine fish may change their distribution much faster than for example trees (a few years vs millenia for the same change, Steele 1991 Currie (1991) found that effects of glacial history were barely discernible. His data suggest that tree and vertebrate richness can reach limits (thought to be set by energy) in less than 14 000 years (since the end of the last ice age; at least in North America, probably due to immigration of species that had shifted latitudinally with the glaciation). One of the assumptions of the evolutionary time hypothesis is an increase of species numbers with geological time. Fossil evidence for such an increase is not as clearcut as might be expected, and different authors have arrived at different conclusions, due to the difficulties in obtaining reliable data. Raup (cit. Pielou 1979) has emphasized that one can easily be misled by systematic biases in the fossil record, and Rohde (1989) has pointed out that fossilized species represent only a small fraction of all animal species and that hardly any parasites, which represent over half of all animal species, and the many small insects in tropical rainforest canopies, can be expected to fossilize (for a fuller account see Rohde 1989 ). Nevertheless, even the most critical accounts show at least a gradual increase in species numbers (Fig. 8, (Fig. 1) , monogenean gill parasites of these fishes also show a marked difference (Fig. 2) . Although numbers of benthic Foraminifera is greater on the Caribbean than on the Pacific side of America (Buzas and Culver 1991), the Indo-Pacific as a whole has been shown by many authors to harbour a much richer flora and fauna of most groups than the Atlantic. The Indo-Pacific differs from the Atlantic in several abiotic parameters: greater size, greater complexity (greater number of islands, a larger and more complex coastline, more rivers joining it), and greater age; an explanation of the differences in diversity is therefore difficult to give. Nevertheless, Rohde (1986), using an animal group almost entirely restricted to cold-temperate waters and comparing the North Pacific and North Atlantic, has shown that the greater age of the fauna in the former is the most likely explanation for differences in species diversity:
The majority of Monogenea of teleost fishes in northern cold-temperate waters is comprised of viviparous Gyrodactylidae, which are very rare in warm waters and are therefore unlikely to have spread from low into high latitudes. Relative species diversity (average number of parasite species per host species) of Monogenea in the northern Pacific is more than twice as great as in the northern Atlantic. A species-area relationship or differences in structural complexity cannot explain the differences in diversity, since the northern Pacific is not larger in area than the northern Atlantic and since structural complexity, as indicated by the length of the coastline and the number of islands, also is not greater in the northern Pacific; length of the major rivers draining into the northern Pacific and their discharge rate and annual discharge volume are smaller than those of the northern Atlantic. Rohde (1986) . However, even if higher energy levels result in greater productivity, they do not necessarily lead to greater species numbers (see above). The hypothesis that species richness is limited by energy supply (i.e. that different energy levels set different upper bounds on diversity at different latitudes) assumes that habitats are saturated with species, but in spite of frequent statements to the contrary, there is little evidence in support of such an assumption. Pianka (1966) , citing Elton and MacArthur, stated "there is reasonable evidence that the majority of habitats are ecologically saturated", but Rohde (1978a Rohde ( , also 1979 Rohde ( , 1980a argued that it may be logically impossible to "prove" that a habitat has as many species as it can support, especially because newly evolved species create new adaptive opportunities for more species, such as parasites and symbionts. Thus, the enormous variety of arthropods in tropical rainforest canopies recently discovered (Erwin 1982 , Stork 1988 Greater evolutionary speed in the tropics is due to shorter generation times, higher mutation rates, and acceleration of selection Rohde (1978a) has discussed the factors that may be responsible for a greater evolutionary speed at low latitudes. They include (1) shorter generation time of many (but not all) poikilothermic and homiothermic animals in the tropics (e.g. Rensch 1954), (2) an increase in mutation rates at higher temperatures (references in Rohde 1978a) and (3) an acceleration of selection leading to fixation of favourable mutants in populations as a result of the above two points and the generally faster physiological processes at higher temperatures. Concerning the first point, Andrewartha and Birch (1954) and Andrewartha (1971) discussed effects of temperature on speed of development, and Fischer (1960) gave some examples of rapid evolution due to shortness of generation, i.e. development of insecticide resistance in insects and of pathogenicity in bacteria, and of much faster maturation rates of some insects and marine invertebrates at higher temperatures. However his discussion shows that shorter generation times do not always lead to faster evolution (slow evolution in short-generation opossums, fast evolution in long-generation elephants), and that many species are "temperature-adapted", i.e. show no significant correlation between temperature and generation lengths. Rosenheim and Tabashnik (1991) have recently shown that there is no theoretical foundation for a linear relationship between generations per year and evolution of pesticide resistance in arthropod pests, a conclusion supported by the examination of data on resistance evolution, generation time and various other biological parameters for 682 North American pests. The authors concluded that generation time can influence evolution of resistance, but does not act in a simple manner. Rather "generation time interacts with a variety of genetic, ecological and operational factors to produce a multitude of effects". It also has to be considered that many tropical organisms do not reproduce continuously. Nevertheless, overall, the number of generations per year in poikilotherms, and to some extent also in homiotherms, is greater at low than at high latitudes (Rensch 1954 Hoff's rule. In Escherichia coli, natural mutation rate has a temperature characteristic similar to growth rate, i.e. the mutation rate per mutable unit per generation is the same at all growth temperatures. In other words, it is greater at higher temperatures because of shorter generation times (reference in Precht et al. 1973 Parsons 1988) . Stehli et al. (1969) , on the basis of their finding that homiothermic mammals also show faster evolutionary rates in the tropics, doubted that higher mutation rates are responsible for faster evolution. However, exposure to irradiation (including that by light) is known to cause mutations in mammals, and also -as pointed out by Rohde 1978a -it may well be that mammalian diversity is entirely determined by the diversity of plants and poikilothermic animals further down in the hierarchy.
Concerning the third point, the general acceleration of physiological processes with temperature (within certain ranges), in addition to the faster mutation rates and shorter generation times, must have significant effects on the speed of selection, but I do not know of a single experimental study specifically aimed at determining the effects of temperature on the speed of selection. There is no reference to relevant studies in standard texts, such as Drake ( 
Conclusion
This review has shown that an "ecological", equilibrium explanation of latitudinal gradients in species diversity cannot be given. Although many factors are likely to be responsible for local differences in diversity and for secondary effects on latitudinal gradients, the primary cause appears to be effects of solar radiation (temperature) on evolutionary speed. The widespread view that diversity is limited by some environmental factor is based on the unsupported belief that all habitats are filled to capacity. However, saturation of habitats does not rule out a further increase in species numbers by subdivision of niches, and evidence is mounting that many vacant niches exist, particularly for parasites and symbionts. Evolution is gradually filling these niches as the result of greater speciation than extinction rates, (e.g. Hoffman 1990), and greater "effective" evolutionary time in the tropics because of greater evolutionary speed has led to greater species numbers in the tropics. It is likely that habitats at all latitudes could support more species than presently in existence (and perhaps equal numbers at all latitudes).
Paradoxically, the tropics have more extant vacant niches than colder regions, because the greater number of free-living species provides more opportunities for "dependent" species, such as parasites. Efforts to find equilibrium explanations for the gradients have led to numerous ecological studies on factors influencing species diversity, whereas direct temperature effects on evolutionary speed have been largely neglected. Urgently needed are experimental studies on the effects of temperature on mutation rates and especially on speed of selection.
